Observation of Exclusive Gamma Gamma Production in p pbar Collisions at
  sqrt{s}=1.96 TeV by CDF Collaboration et al.
ar
X
iv
:1
11
2.
08
58
v3
  [
he
p-
ex
]  
23
 Fe
b 2
01
2
FERMILAB-PUB-11-643-PPD
Observation of Exclusive γγ Production in pp¯ Collisions at
√
s = 1.96 TeV
T. Aaltonen,21 M.G. Albrow,15 B. A´lvarez Gonza´lezz,9 S. Amerio,40 D. Amidei,32 A. Anastassovx,15 A. Annovi,17
J. Antos,12 G. Apollinari,15 J.A. Appel,15 T. Arisawa,54 A. Artikov,13 J. Asaadi,49 W. Ashmanskas,15
B. Auerbach,57 A. Aurisano,49 F. Azfar,39 W. Badgett,15 T. Bae,25 A. Barbaro-Galtieri,26 V.E. Barnes,44
B.A. Barnett,23 P. Barriahh,42 P. Bartos,12 M. Bauceff ,40 F. Bedeschi,42 S. Behari,23 G. Bellettinigg ,42
J. Bellinger,56 D. Benjamin,14 A. Beretvas,15 A. Bhatti,46 D. Biselloff ,40 I. Bizjak,28 K.R. Bland,5 B. Blumenfeld,23
A. Bocci,14 A. Bodek,45 D. Bortoletto,44 J. Boudreau,43 A. Boveia,11 L. Brigliadoriee,6 C. Bromberg,33 E. Brucken,21
J. Budagov,13 H.S. Budd,45 K. Burkett,15 G. Busettoff ,40 P. Bussey,19 A. Buzatu,31 A. Calamba,10 C. Calancha,29
S. Camarda,4 M. Campanelli,28 M. Campbell,32 F. Canelli11,15 B. Carls,22 D. Carlsmith,56 R. Carosi,42
S. Carrillom,16 S. Carron,15 B. Casalk,9 M. Casarsa,50 A. Castroee,6 P. Catastini,20 D. Cauz,50 V. Cavaliere,22
M. Cavalli-Sforza,4 A. Cerrif ,26 L. Cerritos,28 Y.C. Chen,1 M. Chertok,7 G. Chiarelli,42 G. Chlachidze,15
F. Chlebana,15 K. Cho,25 D. Chokheli,13 W.H. Chung,56 Y.S. Chung,45 M.A. Cioccihh,42 A. Clark,18 C. Clarke,55
G. Compostellaff ,40 M.E. Convery,15 J. Conway,7 M.Corbo,15 M. Cordelli,17 C.A. Cox,7 D.J. Cox,7 F. Crescioligg,42
J. Cuevasz,9 R. Culbertson,15 D. Dagenhart,15 N. d’Ascenzow,15 M. Datta,15 P. de Barbaro,45 M. Dell’Orsogg,42
L. Demortier,46 M. Deninno,6 F. Devoto,21 M. d’Erricoff ,40 A. Di Cantogg,42 B. Di Ruzza,15 J.R. Dittmann,5
M. D’Onofrio,27 S. Donatigg,42 P. Dong,15 M. Dorigo,50 T. Dorigo,40 K. Ebina,54 A. Elagin,49 A. Eppig,32
R. Erbacher,7 S. Errede,22 N. Ershaidatdd,15 R. Eusebi,49 S. Farrington,39 M. Feindt,24 J.P. Fernandez,29
R. Field,16 G. Flanaganu,15 R. Forrest,7 M.J. Frank,5 M. Franklin,20 J.C. Freeman,15 Y. Funakoshi,54 I. Furic,16
M. Gallinaro,46 J.E. Garcia,18 A.F. Garfinkel,44 P. Garosihh,42 H. Gerberich,22 E. Gerchtein,15 S. Giagu,47
V. Giakoumopoulou,3 P. Giannetti,42 K. Gibson,43 C.M. Ginsburg,15 N. Giokaris,3 P. Giromini,17 G. Giurgiu,23
V. Glagolev,13 D. Glenzinski,15 M. Gold,35 D. Goldin,49 N. Goldschmidt,16 A. Golossanov,15 G. Gomez,9
G. Gomez-Ceballos,30 M. Goncharov,30 O. Gonza´lez,29 I. Gorelov,35 A.T. Goshaw,14 K. Goulianos,46 S. Grinstein,4
C. Grosso-Pilcher,11 R.C. Group53,15 J. Guimaraes da Costa,20 S.R. Hahn,15 E. Halkiadakis,48 A. Hamaguchi,38
J.Y. Han,45 F. Happacher,17 K. Hara,51 D. Hare,48 M. Hare,52 R.F. Harr,55 K. Hatakeyama,5 C. Hays,39 M. Heck,24
J. Heinrich,41 M. Herndon,56 S. Hewamanage,5 A. Hocker,15 W. Hopkinsg,15 D. Horn,24 S. Hou,1 R.E. Hughes,36
M. Hurwitz,11 U. Husemann,57 N. Hussain,31 M. Hussein,33 J. Huston,33 G. Introzzi,42 M. Iorijj ,47 A. Ivanovp,7
E. James,15 D. Jang,10 B. Jayatilaka,14 E.J. Jeon,25 S. Jindariani,15 M. Jones,44 K.K. Joo,25 S.Y. Jun,10
T.R. Junk,15 T. Kamon25,49 P.E. Karchin,55 A. Kasmi,5 Y. Katoo,38 W. Ketchum,11 J. Keung,41 V. Khotilovich,49
B. Kilminster,15 D.H. Kim,25 H.S. Kim,25 J.E. Kim,25 M.J. Kim,17 S.B. Kim,25 S.H. Kim,51 Y.K. Kim,11
Y.J. Kim,25 N. Kimura,54 M. Kirby,15 S. Klimenko,16 K. Knoepfel,15 K. Kondo,54, ∗ D.J. Kong,25 J. Konigsberg,16
A.V. Kotwal,14 M. Kreps,24 J. Kroll,41 D. Krop,11 M. Kruse,14 V. Krutelyovc,49 T. Kuhr,24 M. Kurata,51
S. Kwang,11 A.T. Laasanen,44 S. Lami,42 S. Lammel,15 M. Lancaster,28 R.L. Lander,7 K. Lannony,36 A. Lath,48
G. Latinohh,42 T. LeCompte,2 E. Lee,49 H.S. Leeq,11 J.S. Lee,25 S.W. Leebb,49 S. Leogg,42 S. Leone,42 J.D. Lewis,15
A. Limosanit,14 C.-J. Lin,26 M. Lindgren,15 E. Lipeles,41 A. Lister,18 D.O. Litvintsev,15 C. Liu,43 H. Liu,53 Q. Liu,44
T. Liu,15 S. Lockwitz,57 A. Loginov,57 D. Lucchesiff ,40 J. Lueck,24 P. Lujan,26 P. Lukens,15 G. Lungu,46 J. Lys,26
R. Lysake,12 R. Madrak,15 K. Maeshima,15 P. Maestrohh,42 S. Malik,46 G. Mancaa,27 A. Manousakis-Katsikakis,3
F. Margaroli,47 C. Marino,24 M. Mart´ınez,4 P. Mastrandrea,47 K. Matera,22 M.E. Mattson,55 A. Mazzacane,15
P. Mazzanti,6 K.S. McFarland,45 P. McIntyre,49 R. McNultyj ,27 A. Mehta,27 P. Mehtala,21 C. Mesropian,46
T. Miao,15 D. Mietlicki,32 A. Mitra,1 H. Miyake,51 S. Moed,15 N. Moggi,6 M.N. Mondragonm,15 C.S. Moon,25
R. Moore,15 M.J. Morelloii,42 J. Morlock,24 P. Movilla Fernandez,15 A. Mukherjee,15 Th. Muller,24 P. Murat,15
M. Mussiniee,6 J. Nachtmann,15 Y. Nagai,51 J. Naganoma,54 I. Nakano,37 A. Napier,52 J. Nett,49 C. Neu,53
M.S. Neubauer,22 J. Nielsend,26 L. Nodulman,2 S.Y. Noh,25 O. Norniella,22 L. Oakes,39 S.H. Oh,14 Y.D. Oh,25
I. Oksuzian,53 T. Okusawa,38 R. Orava,21 L. Ortolan,4 S. Pagan Grisoff ,40 C. Pagliarone,50 E. Palenciaf ,9
V. Papadimitriou,15 A.A. Paramonov,2 J. Patrick,15 G. Paulettakk,50 M. Paulini,10 C. Paus,30 D.E. Pellett,7
A. Penzo,50 T.J. Phillips,14 G. Piacentino,42 E. Pianori,41 J. Pilot,36 K. Pitts,22 C. Plager,8 L. Pondrom,56
S. Poprockig,15 K. Potamianos,44 F. Prokoshincc,13 A. Pranko,26 F. Ptohosh,17 G. Punzigg,42 A. Rahaman,43
V. Ramakrishnan,56 N. Ranjan,44 I. Redondo,29 P. Renton,39 M. Rescigno,47 T. Riddick,28 F. Rimondiee,6
L. Ristori42,15 A. Robson,19 T. Rodrigo,9 T. Rodriguez,41 E. Rogers,22 S. Rollii,52 R. Roser,15 F. Ruffinihh,42
A. Ruiz,9 J. Russ,10 V. Rusu,15 A. Safonov,49 W.K. Sakumoto,45 Y. Sakurai,54 L. Santikk,50 K. Sato,51
V. Savelievw,15 A. Savoy-Navarroaa,15 P. Schlabach,15 A. Schmidt,24 E.E. Schmidt,15 T. Schwarz,15 L. Scodellaro,9
A. Scribanohh,42 F. Scuri,42 S. Seidel,35 Y. Seiya,38 A. Semenov,13 F. Sforzahh,42 S.Z. Shalhout,7 T. Shears,27
2P.F. Shepard,43 M. Shimojimav,51 M. Shochet,11 I. Shreyber-Tecker,34 A. Simonenko,13 P. Sinervo,31 K. Sliwa,52
J.R. Smith,7 F.D. Snider,15 A. Soha,15 V. Sorin,4 H. Song,43 P. Squillaciotihh,42 M. Stancari,15 R. St. Denis,19
B. Stelzer,31 O. Stelzer-Chilton,31 D. Stentzx,15 J. Strologas,35 G.L. Strycker,32 Y. Sudo,51 A. Sukhanov,15
I. Suslov,13 K. Takemasa,51 Y. Takeuchi,51 J. Tang,11 M. Tecchio,32 P.K. Teng,1 J. Thomg,15 J. Thome,10
G.A. Thompson,22 E. Thomson,41 D. Toback,49 S. Tokar,12 K. Tollefson,33 T. Tomura,51 D. Tonelli,15 S. Torre,17
D. Torretta,15 P. Totaro,40 M. Trovatoii,42 F. Ukegawa,51 S. Uozumi,25 A. Varganov,32 F. Va´zquezm,16 G. Velev,15
C. Vellidis,15 M. Vidal,44 I. Vila,9 R. Vilar,9 J. Viza´n,9 M. Vogel,35 G. Volpi,17 P. Wagner,41 R.L. Wagner,15
T. Wakisaka,38 R. Wallny,8 S.M. Wang,1 A. Warburton,31 D. Waters,28 W.C. Wester III,15 D. Whitesonb,41
A.B. Wicklund,2 E. Wicklund,15 S. Wilbur,11 F. Wick,24 H.H. Williams,41 J.S. Wilson,36 P. Wilson,15
B.L. Winer,36 P. Wittichg,15 S. Wolbers,15 H. Wolfe,36 T. Wright,32 X. Wu,18 Z. Wu,5 K. Yamamoto,38
D. Yamato,38 T. Yang,15 U.K. Yangr,11 Y.C. Yang,25 W.-M. Yao,26 G.P. Yeh,15 K. Yin,15 J. Yoh,15 K. Yorita,54
T. Yoshidal,38 G.B. Yu,14 I. Yu,25 S.S. Yu,15 J.C. Yun,15 A. Zanetti,50 Y. Zeng,14 C. Zhou,14 and S. Zucchelliee6
(CDF Collaboration)†
1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
2Argonne National Laboratory, Argonne, Illinois 60439, USA
3University of Athens, 157 71 Athens, Greece
4Institut de Fisica d’Altes Energies, ICREA, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
5Baylor University, Waco, Texas 76798, USA
6Istituto Nazionale di Fisica Nucleare Bologna, eeUniversity of Bologna, I-40127 Bologna, Italy
7University of California, Davis, Davis, California 95616, USA
8University of California, Los Angeles, Los Angeles, California 90024, USA
9Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
10Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
11Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
12Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia
13Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
14Duke University, Durham, North Carolina 27708, USA
15Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
16University of Florida, Gainesville, Florida 32611, USA
17Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy
18University of Geneva, CH-1211 Geneva 4, Switzerland
19Glasgow University, Glasgow G12 8QQ, United Kingdom
20Harvard University, Cambridge, Massachusetts 02138, USA
21Division of High Energy Physics, Department of Physics,
University of Helsinki and Helsinki Institute of Physics, FIN-00014, Helsinki, Finland
22University of Illinois, Urbana, Illinois 61801, USA
23The Johns Hopkins University, Baltimore, Maryland 21218, USA
24Institut fu¨r Experimentelle Kernphysik, Karlsruhe Institute of Technology, D-76131 Karlsruhe, Germany
25Center for High Energy Physics: Kyungpook National University,
Daegu 702-701, Korea; Seoul National University, Seoul 151-742,
Korea; Sungkyunkwan University, Suwon 440-746,
Korea; Korea Institute of Science and Technology Information,
Daejeon 305-806, Korea; Chonnam National University, Gwangju 500-757,
Korea; Chonbuk National University, Jeonju 561-756, Korea
26Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
27University of Liverpool, Liverpool L69 7ZE, United Kingdom
28University College London, London WC1E 6BT, United Kingdom
29Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain
30Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
31Institute of Particle Physics: McGill University, Montre´al, Que´bec,
Canada H3A 2T8; Simon Fraser University, Burnaby, British Columbia,
Canada V5A 1S6; University of Toronto, Toronto, Ontario,
Canada M5S 1A7; and TRIUMF, Vancouver, British Columbia, Canada V6T 2A3
32University of Michigan, Ann Arbor, Michigan 48109, USA
33Michigan State University, East Lansing, Michigan 48824, USA
34Institution for Theoretical and Experimental Physics, ITEP, Moscow 117259, Russia
35University of New Mexico, Albuquerque, New Mexico 87131, USA
36The Ohio State University, Columbus, Ohio 43210, USA
37Okayama University, Okayama 700-8530, Japan
38Osaka City University, Osaka 588, Japan
339University of Oxford, Oxford OX1 3RH, United Kingdom
40Istituto Nazionale di Fisica Nucleare, Sezione di Padova-Trento, ffUniversity of Padova, I-35131 Padova, Italy
41University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA
42Istituto Nazionale di Fisica Nucleare Pisa, ggUniversity of Pisa,
hhUniversity of Siena and iiScuola Normale Superiore, I-56127 Pisa, Italy
43University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
44Purdue University, West Lafayette, Indiana 47907, USA
45University of Rochester, Rochester, New York 14627, USA
46The Rockefeller University, New York, New York 10065, USA
47Istituto Nazionale di Fisica Nucleare, Sezione di Roma 1,
jjSapienza Universita` di Roma, I-00185 Roma, Italy
48Rutgers University, Piscataway, New Jersey 08855, USA
49Texas A&M University, College Station, Texas 77843, USA
50Istituto Nazionale di Fisica Nucleare Trieste/Udine,
I-34100 Trieste, kkUniversity of Udine, I-33100 Udine, Italy
51University of Tsukuba, Tsukuba, Ibaraki 305, Japan
52Tufts University, Medford, Massachusetts 02155, USA
53University of Virginia, Charlottesville, Virginia 22906, USA
54Waseda University, Tokyo 169, Japan
55Wayne State University, Detroit, Michigan 48201, USA
56University of Wisconsin, Madison, Wisconsin 53706, USA
57Yale University, New Haven, Connecticut 06520, USA
(Dated: September 21, 2011)
We have observed exclusive γγ production in proton-antiproton collisions at
√
s = 1.96 TeV, using
data from 1.11 ± 0.07 fb−1 integrated luminosity taken by the Run II Collider Detector at Fermilab.
We selected events with two electromagnetic showers, each with transverse energy ET > 2.5 GeV
and pseudorapidity |η| < 1.0, with no other particles detected in −7.4 < η < +7.4. The two showers
have similar ET and azimuthal angle separation ∆φ ∼ pi; 34 events have two charged particle tracks,
consistent with the QED process pp¯→ p+ e+e− + p¯ by two-photon exchange, while 43 events have
no charged tracks. The number of these events that are exclusive pi0pi0 is consistent with zero and
is < 15 at 95% C.L. The cross section for pp¯→ p+ γγ + p¯ with |η(γ)| < 1.0 and ET (γ) > 2.5 GeV
is 2.48+0.40−0.35(stat)
+0.40
−0.51(syst) pb.
PACS numbers: 12.38.Lg, 12.40.Nn, 13.85.Qk, 14.80.Bn
In proton-(anti)proton collisions, two direct high-ET
photons can be produced at leading order by qq¯→ γγ and
by gg→ γγ through a quark loop. In the latter case it is
possible for another gluon exchange to cancel the color
of the fusing gluons, allowing the (anti)proton to emerge
intact with no hadrons produced. For pp¯ collisions, this
is the “exclusive” process pp¯→ p+ γγ+ p¯, for which the
leading order diagram is shown in Fig. 1a [1, 2]. The out-
going (anti)proton has nearly the beam momentum, and
transverse momentum pT <∼ 1 GeV/c, having emitted a
pair of gluons in a color singlet. There is a pseudorapid-
ity gap ∆η > 6 adjacent to the (anti)proton. In Regge
theory this is diffractive scattering via pomeron [3, 4], IP,
exchange. The cross section for |η(γ)| < 1.0 and trans-
verse energy ET (γ) > 2.5 GeV is predicted [5, 6] to be
σ(γγ)exclusive ∼ 0.2 - 2 pb, depending on the low-x (un-
integrated) gluon density. Additional uncertainties come
from the cross section for g + g→ γ + γ, the probabil-
ity that no hadrons are produced by additional parton
interactions (rapidity gap survival factor and Sudakov
suppression [7]), and the probability that neither pro-
ton dissociates (e.g., p→ p pi+pi−) [5]. The calculation
is also imprecise because of the low Q2, the squared 4-
momentum transfer. The total theoretical uncertainty
on the cross section can be estimated to be a factor ×3÷3
[8]. Apart from its intrinsic interest for QCD, the pro-
cess tests the theory of exclusive Higgs boson produc-
tion [1, 2, 5, 8–13] p+ p→ p+H + p, Fig. 1b, which may
be detectable at the LHC. The leading order processes
gg→ γγ and gg→H are calculable perturbatively, but
the more uncertain elements of the exclusive processes
(mainly the unintegrated gluon densities, the Sudakov
suppression, and the gap survival probability) are com-
mon to both (see Fig. 1). For a 120 GeV standard model
Higgs boson the exclusive cross section at
√
s = 7 TeV is
3 fb with a factor ×3÷3 uncertainty [8].
Processes other than gg→ γγ can produce an exclusive
γγ final state. Contributions from qq¯→ γγ and γγ→ γγ
are respectively < 5% and < 1% of gg→ γγ [5]. Back-
grounds to exclusive γγ events to be considered are pi0pi0
and ηη, with each meson decaying to two photons, of
which one is not detected. We also consider events where
one or both protons dissociate, e.g., p→ p pi+pi−, to be
background. These backgrounds are small.
We previously published a search for exclusive γγ pro-
duction, finding three candidate events with ET (γ) > 5
GeV and |η| < 1.0, using data from 532 pb−1 of inte-
grated luminosity [14]. The prediction of Ref. [5] was
4FIG. 1. Leading order diagrams for central exclusive produc-
tion in p(p¯)− p collisions: a) exclusive γγ production in p¯− p
collisions; b) exclusive Higgs boson production in p − p col-
lisions. Note the screening gluon that cancels the color flow
from the interacting gluons.
0.8+1.6−0.5 events. Two events had a single narrow elec-
tromagnetic (EM) shower on each side, as expected for
γγ, but no observation could be claimed. This Letter
reports the observation of 43 events with a contamina-
tion of < 15 pi0pi0 events (at 95% C.L.), after we low-
ered the trigger threshold on the EM showers from 4
GeV to 2 GeV and collected data from another 1.11 fb−1
of integrated luminosity. We used the QED process
p+ p¯→ p+ γ∗γ∗+ p¯→ p+ e+e−+ p¯ in the same data set,
for which the cross section is well known, as a check of
the analysis.
The data were collected by the Collider Detector at
Fermilab, CDF II, at the Tevatron, with pp¯ collisions at√
s = 1.96 TeV. The CDF II detector is a general pur-
pose detector described elsewhere [15]; here we give a
brief summary of the detector components used in this
analysis. Surrounding the beam pipe is a tracking sys-
tem consisting of a silicon microstrip detector, a cylindri-
cal drift chamber (COT) [16], and a solenoid providing
a 1.4 Tesla magnetic field. The tracking system is fully
efficient at reconstructing isolated tracks with pT ≥ 1
GeV/c and |η| < 1. It is surrounded by the central and
end-plug calorimeters covering the range |η| < 3.6. Both
calorimeters have separate EM and hadronic compart-
ments. A proportional wire chamber (CES) [17], with
orthogonal anode wires and cathode strips, is embed-
ded in the central EM calorimeter, covering the region
of |η| < 1.1, at a depth of six radiation lengths. It allows
a measurement of the number and shape, in both η and
azimuth φ, of EM showers (clusters of wires or strips).
The anode-wire pitch (in φ) is 1.5 cm and the cathode-
strip pitch varies with η from 1.7 cm to 2.0 cm. The CES
provides a means of distinguishing single photon show-
ers from pi0 → γγ up to ET (pi0) ∼ 8 GeV. The region
3.6 < |η| < 5.2 is covered by a lead-liquid scintillator
calorimeter called the Miniplug [18]. At higher pseudo-
rapidities, 5.4 < |η| < 7.4, scintillation counters, called
beam shower counters (BSC-1/2/3), are located on each
side of the CDF detector. Gas Cherenkov detectors, with
48 photomultipliers per side, covering 3.7 < |η| < 4.7, de-
tect charged particles, and were also used to determine
the luminosity with a 6% uncertainty [19].
The data were recorded using a three-level on-line
event selection system (trigger). At the first level we
required one EM cluster with ET > 2 GeV and |η| < 2.1
and no signal above noise in the BSC-1 counters (|η| =
5.4−5.9). This rapidity gap requirement rejected a large
fraction of inelastic collisions as well as most events with
more than one interaction (pileup). A second EM clus-
ter with similar properties was required at level two. A
level three trigger selected events with two calorimeter
showers consistent with coming from electrons or pho-
tons: i.e., passing the requirement (cut) that the ratio
of shower energy in the hadronic (HAD) calorimeter to
that in the EM (HAD:EM) be less than 0.125, and that
the signal shape in the CES is consistent with a single
shower.
We now describe the offline selection of events, with
two isolated EM showers and no other particles except
the outgoing p and p¯, which were not detected. Two cen-
tral, |η| < 1, EM showers were required with ET > 2.5
GeV to avoid trigger threshold inefficiencies. The energy
resolution is dE/E ∼ 8% from test beam studies and in
situ p/E matching for electrons. A refined HAD:EM ra-
tio cut of < 0.055+ 0.000 45E was applied, as well as an
acoplanarity cut of |pi−∆φ| < 0.6. The trigger selection
efficiency for single photons was measured using data col-
lected with an interaction trigger (minimum bias). The
BSC-1 gap trigger was taken to be 100% efficient as the
BSC-1 trigger threshold was clearly above the noise level
and the offline selection criteria. We measured an overall
trigger efficiency of εtrig = 92% ± 2%(syst). A weight-
ing process was necessary due to the different slope in
ET of the minimum bias probe data compared to the
signal. The trigger efficiency did not show any η or φ
dependence for |η| < 1. Monte Carlo signal simulation
data samples were generated using the superchic pro-
gram (version 1.3) [11, 20] based on recent developments
of the Durham KMR model [2]. The Monte Carlo sam-
ples were passed through a simulation of the detector,
cdfsim 6.1.4.m including geant version 3.21/14 [21].
The systematic error was estimated by using the bin-
wise uncertainty of the efficiency in the weighting pro-
cess of the signal Monte Carlo sample. Taking into ac-
count a combined detector and offline reconstruction ef-
ficiency of εrec = 55% ± 3%(syst), and a photon iden-
tification efficiency of εid = 93% ± 1%(syst), we ob-
tained a photon-pair efficiency εpho = ε
2
trig ∗ εrec ∗ ε2id =
40%± 3%(syst). The systematic uncertainties of the re-
construction and identification efficiency were estimated
by shifting kinematical input parameters over a reason-
able interval motivated by the dominating EM-energy-
scale uncertainty [22]. The offline selection then required
that no activity other than these two showers (or clusters
of showers) occurred in the entire detector, |η| < 7.4. We
used the same procedure as in our earlier study of exclu-
5sive e+e− events [23], searching all the calorimeters for
any signal above noise levels, determined using noninter-
action events; 99.2% of such events have no tower (out
of 480) with ET > 125 MeV. We also required the CLC
counters and the more forward BSC counters to have
signals consistent with only noise. Events triggered only
on a bunch crossing (zero bias) showed that the exclu-
sive efficiency, εexcl, defined as the factor to be applied
to the delivered luminosity to account for the require-
ment of no pileup, is εexcl = 6.8% ± 0.4%(syst). The
probability P (0) of a zero-bias event satisfying all the
exclusivity cuts, i.e., having no detected inelastic inter-
action, is P (0) = A exp(−n¯) = A exp(−Lxσvis),where Lx
is the single bunch crossing luminosity (cm−2) and σvis
is the visible cross section; σvis = σinel if everyinelastic
collision is detected. We find σvis = 67 ± 6 mb. In the
absence of noise (above our chosen thresholds) A = 1.0;
we find A = 0.98±0.02. We checked that the rate of can-
didate events, corrected for the exclusive efficiency, was
constant during data taking (one year). The systematic
uncertainty was estimated using the spread in slope pa-
rameters from fits to data in different time periods.
TABLE I. Summary of parameters used for the measurement
of the exclusive photon-pair cross section for ET (γ) > 2.5 GeV
and |η(γ)| < 1.0. Values for the e+e− control study are also
given. Note that b/g stands for background.
Integrated luminosity Lint 1.11 ± 0.07 fb−1
Exclusive efficiency 0.068 ± 0.004 (syst)
Exclusive γγ
Events 43
Photon-pair efficiency 0.40± 0.02 (stat)± 0.03 (syst)
Probability of no conversions 0.57 ± 0.06 (syst)
pi0pi0 b/g (events) 0.0, < 15 (95% C.L.)
Dissociation b/g (events) 0.14± 0.14 (syst)
Exclusive e+e−
Events 34
Electron-pair efficiency 0.33± 0.01 (stat)± 0.02 (syst)
Probability of no radiation 0.42± 0.08 (syst)
Dissociation b/g (events) 3.8 ± 0.4 (stat) ± 0.9 (syst)
The selection of 81 events passing all cuts was made
without reference to the track detectors. We found that
34 have exactly two oppositely charged tracks, 43 have
no tracks in the COT, and four are in neither class. Vi-
sual inspection of the latter showed that two had photon
conversions, and two were likely to be e+e− events with
bremsstrahlung. These numbers are consistent with ex-
pectations from the detector simulation. The tracks in
the 34 two-track events agree in all aspects with the QED
process p+ p¯→ p+e+e−+ p¯ via two virtual photons, pre-
viously observed in CDF [23, 24]. The calorimeter shower
energies are consistent with the momenta measured from
the tracks. Kinematic distributions, after detector sim-
ulation, are as expected. The mass M(e+e−) distribu-
tion is presented in Fig. 2a, together with the QED pre-
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FIG. 2. The e+e− candidates: invariant mass distribution
(a). The two-photon candidates: invariant mass distribution
(b), |pi −∆φ| distribution (c), and pT distribution of the two
photons (d). All error bars are statistical. The MC predic-
tions for γγ are normalized to data. The QED prediction for
e+e− is normalized to the delivered luminosity and efficien-
cies. The MC samples for the QED process were generated
with the lpair program [25].
diction normalized to the delivered luminosity and effi-
ciencies, showing that the cross section agrees with the
QED prediction in both magnitude and shape. We mea-
sured a cross section of σe+e−,exclusive(|η(e)| < 1, ET (e) >
2.5GeV) = 2.88+0.57−0.48(stat)± 0.63(syst) pb, compared to
3.25±0.07 pb (QED, [25]). The systematic uncertainties
for the QED study are mostly identical to the photon
case. Distinct from photons, electrons leave tracks in the
tracking detectors and may radiate. The systematic un-
certainty on the radiation probability was estimated by
varying the exclusivity cuts by ±10%. This e+e− sample
provides a valuable check of the exclusive γγ analysis.
The 43 events with no tracks have the kinematic prop-
erties expected for exclusive γγ production [20]. In par-
ticular the M(γγ) distribution [Fig. 2b] extending up to
15 GeV/c2 is as expected, as well as the acoplanarity
pi−∆φ(γγ) [Fig. 2c] and the 2-vector sum of pT [Fig. 2d];
in these plots [unlike Fig. 2a] the superchicMonte Carlo
prediction is normalized to the same number of events as
the data. An important issue is whether some of these
events could be pi0pi0, rather than γγ. Note that γpi0
events are forbidden by C parity. The CES chambers
give information on the number of EM showers. The
minimum opening angle ∆θmin between the two photons
from pi0 decay is 2 tan−1
(
m(pi)
p(pi)
)
= 3.1◦ for p(pi) = 5
6GeV, well separated in the CES chambers, which have a
granularity < 0.5◦. A pi0 can fake a γ only if one photon
ranges out before the CES, or falls in an inactive region
(8%) of the detector. All of the 68 e± events in our sam-
ple, with similar energies, had matching showers in the
CES chambers. A geant [21] simulation predicts the
probability that a photon in our energy range produces
a shower to be >∼ 98.3%. We summed the number of re-
constructed CES showers in the event, mostly 2 or 3 as
shown in Fig. 3 (left). The distribution agrees very well
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FIG. 3. Estimate of pi0pi0 background fraction in the candi-
date sample. Distribution of reconstructed CES showers per
event for data compared to γγ and pi0pi0 Monte Carlo simu-
lations (a). Background fraction estimate using Pearson’s χ2
test to fit the composition hypothesis to the data distribution
(b).
with the γγ simulation, and strongly disagrees with the
pi0pi0 simulation. Fitting to the sum of the two compo-
nents gives a best fit to the fraction F (pi0pi0) = 0.0, with
a 95% C.L. upper limit of 15 events. Since obtaining
this result, a new calculation of exclusive pi0pi0 produc-
tion [26] predicts σexcl(pi
0pi0) = 6 - 24 fb for ET (pi
0) > 2.5
GeV and |η| < 1.0, <∼ 0.01 of our measured exclusive γγ
cross section. In the cross section calculation we take
this background to be zero. Exclusive ηη production is
also expected to be negligible. The only other signif-
icant background could be undetected proton dissocia-
tion, about 10% for the QED e+e− process but <1%
for PI + PI → γ + γ [5, 27, 28]. The cross section for both
photons with ET (γ) > 2.5 GeV and |η(γ)| < 1.0 and no
other produced particles is given by:
σγγ,exclusive =
N(candidates)−N(background)
Lint.ε.εexcl ,
where ε is the product of the trigger, reconstruction,
identification, and conversion efficiencies (22.8%) in Ta-
ble I. The systematic uncertainty on the conversion prob-
ability was estimated by varying the exclusivity cuts by
±10%. We find σγγ,excl (|η(γ)| < 1, ET (γ) > 2.5 GeV) =
2.48+0.40−0.35(stat)
+0.40
−0.51(syst) pb. The theoretical predic-
tion [11] is strongly dependent on the low-x gluon den-
sity, having central values 1.42 pb (mstw08lo) or 0.35
pb (mrst99), with other uncertainties estimated to be
a factor of about ×3÷3 [28]. A comparison of our mea-
surement with the only theoretical prediction available
to date is shown in Fig. 4. The rates of e+e− and γγ
events with ET (e/γ) > 5 GeV are consistent with those
in our earlier studies [14, 23].
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FIG. 4. Comparison of the measured cross section for the
exclusive γγ production in pp¯ collisions at
√
s = 1.96 TeV
with theoretical predictions [11].
In conclusion, we have observed the exclusive produc-
tion of two high-ET photons in proton-antiproton colli-
sions, which constitutes the first observation of this pro-
cess in hadron-hadron collisions. The cross section is in
agreement with the only theoretical prediction, based on
g+g→ γ+γ, with another gluon exchanged to cancel the
color and with the p and p¯ emerging intact. If a Higgs bo-
son exists, it should be produced by the same mechanism
(see Fig. 1), and the cross sections are related.
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